Abstract. Cold frontal passages usually promote quick removal of atmospheric pollutants over North China (e.g. the Beijing-
study were provided by a mosaic Asian monthly anthropogenic emission inventory, MIX (Li et al., 2017b) , with a horizontal resolution of 0.25° × 0.25°. Biogenic emissions were generated by the Model for Emissions of Gases and Aerosols from Nature (version 2.1). The CB05 and AERO6 mechanisms were chosen for gas phase chemistry and aerosols, respectively.
The process analysis technique introduced by Gipson (1999) was implemented in the CMAQ modelling system to determine the contributions of both physical and chemical processes to simulated species. The physical and chemical processes discussed 5 in this study include vertical advection (ZADV), horizontal advection (HADV), vertical diffusion (VDIF), dry deposition (DDEP), cloud processes and aqueous chemistry (CLDS), and aerosol (AERO) processes.
The Integrated Source Apportionment Method (ISAM) has been implemented in CMAQ (Kwok et al., 2013) . ISAM tracks contributions from ICONs, BCONs, and user-defined source regions to ambient and deposited gases and aerosol particles.
Currently, ISAM supports two kinds of PM2.5 tags: a primary species tag, which tracks the primary emissions of elemental 10 carbon, organic carbon, sulphate, nitrate, ammonium, and other trace elements (e.g. Cl, Na, K, Fe, Ca, Al, Si, Ti, and Mn); and a secondary species tag, which tracks secondarily formed sulphate, nitrate, and ammonium, as well as all gaseous species associated with secondary aerosol species formations (e.g. SO2, NO2, NO, NO3, HNO3, HONO, N2O5, PAN, and NH3). 
Model verification
The model-simulated surface meteorological parameters and PM2.5 concentrations were compared with observations obtained from Nanjing, Suzhou, and Linan (Fig. 1) . Figure 2 compares the surface temperature, relative humidity, wind direction, wind speed, and PM2.5 concentrations between the simulations and observations from 00:00 LST 19 January 2015 to 00:00 LST 28 January 2015. Simulations from the coupled WRF-CMAQ model appeared to effectively reproduce the variations of 20 meteorological parameters and PM2.5 concentrations at the three observation sites. Some statistical metrics including the correlation coefficient (R), normalized mean bias (NMB), and normalized mean error (NME) were calculated to compare simulated results with observations. The NMB and NME were calculated, respectively, by equations (1) where Mi represents the simulated value, Oi represents the observational data, and N denotes the number of data pairs. Statistical comparisons between the observed and simulated variables are shown in Table 1 .
The correlation coefficients for meteorological parameters, except for wind direction and wind speed at Suzhou and Linan, were found to be around 0.90. This discrepancy is likely because the Suzhou station is located in an urban centre, and the Linan station is located on a hill. The 10 × 10 km model grid was unable to properly represent the complicated urban canopy at Suzhou and the rolling terrain at Linan. The correlation coefficients for PM2.5 concentrations at Nanjing, Suzhou, and Linan were found to be 0.77, 0.68, and 0.74, respectively. This indicates that the time series patterns of PM2.5 simulations agree well with observations. The NMB and NME for meteorological parameters were found to be relatively small, except for wind speed and wind direction at Suzhou and Linan. The model systematically underestimated PM2.5 concentrations by about 20% for all three stations. This can probably be attributed to the coarse model grid size and lower emission resolution. The NME for PM2.5 15 at all three stations was found to be below 35%, indicating that model performance was acceptable. 
Episode description
The YRD region was suffering from particle pollution in January 2015. The field experiment was carried out from 00:00 LST
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19 January 2015 to 00:00 LST 28 January 2015 at Nanjing, Suzhou, and Linan (Fig. 1) . The Nanjing observation site is located in a suburban area, the Suzhou station is located in an urban area, and the Linan station represents the regional background site. Observations revealed that 9-day mean PM2.5 concentrations reached 100 µg m −3 at the Nanjing and Suzhou sites. In some high-pollution episodes, PM2.5 concentrations reached as high as 300 µg m −3 (Fig. 3) .
A short-term burst of PM2.5 pollution accompanied by strong northwest winds successively appeared in Nanjing, Suzhou, and
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Linan between 12:00 LST 21 January 2015 and 04:00 LST 22 January 2015 (Fig. 3 ). The peaks of PM2.5 concentrations reached Nanjing, Suzhou, and Linan at 16:00 LST, 19:00 LST, and 21:00 LST, respectively, with a 5-hour delay from Nanjing to Linan.
This process reveals that a strong north-westerly flow brought a polluted airmass across the YRD. Synoptic maps show dense isobars in the head of the cold front, which appeared over the north (upstream) of the YRD at 08:00 LST 21 January 2015 ( Fig.   4a ). At that moment, a south-westerly wind prevailed in the YRD. Twelve hours later, the cold front moved to the East China
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Sea (downstream of YRD; Fig. 4b ). Meanwhile, the wind direction over the YRD shifted to the north-west, which was favourable for the horizontal transport of air pollutants from the upstream area to the YRD.
After the cold frontal passage, YRD experienced a uniform pressure field for about 3 days ( Fig. 4c ; Fig. 4d ), creating conditions that were unfavourable for the horizontal transport and vertical mixing of atmospheric pollutants (Zhu et al., 2010) . Aerosol particles gradually accumulated over the YRD under this stable atmosphere. In order to exclude the impact of the cold front,
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this study designated the stable period from 24 to 27 January 2015, when the wind speed was relatively small but PM2.5 (Fig. 3) , indicating that the pollution likely originated locally. On 27 January 2015, a strong cold front intruded into the YRD accompanied by precipitation, resulting in the significant removal of PM2.5. PM2.5 concentrations and fluxes at the surface and 1.0 km altitude during the cold frontal passage, are shown in Fig. 5 . High PM2.5 concentrations (> 100 µg m −3 ) and high wind speeds can be observed both at the surface ( Fig. 5a ) and at 1.0 km (Fig.   5b ), resulting in strong PM2.5 fluxes from polluted upstream regions to downstream regions. Mean PM2.5 fluxes at the surface and at 1.0 km were 619 µg m −2 s −1 and 1072 µg m −2 s −1 ，respectively. PM2.5 fluxes were stronger at 1.0 km than at the surface because the wind speed was higher, while the PM2.5 concentrations were comparable to those at surface levels. We can conclude 15 that high altitudes are important aerosol transport pathways during cold frontal passage; they are probably more important than surface transport pathways. ) reached 2.0 km, significantly higher than the boundary layer height (around 0.6−0.8 km, not shown in Fig. 6a) . Therefore, the vertical transport of PM2.5 is inferred to be caused by systematic prefrontal upward movements rather than boundary layer turbulent mixing. Surface PM2.5 concentrations exceeded 100 µg m −3 over the YRD before the cold front's arrival. When the cold front moved into the YRD, it forced the warm and 15 polluted YRD airmass up along the frontal boundary, lifting PM2.5 into the upper air (Ding et al., 2009 ). Liu (2003) suggested that this kind of frontal lifting promotes the transport of pollution to the free troposphere.
In the afternoon (16:00 LST) of 21 January, the cold front intruded into the YRD (Fig. 6b) . A deep neutral stratified condition appeared over the YRD because of the strong wind. The high PM2.5 concentration zone moved south alongside the cold front.
Aerosols from NCP were transported to the YRD by strong north-westerly flow; hence, increased aerosol concentrations and 20 fluxes over the YRD.
At the end of the cold frontal period ( Fig. 6c; Fig. 6d ), when the cold front moved to downstream of the YRD, the YRD was under a high-pressure system that resulted in divergence (e.g. the vertical PM2.5 flux at 1.0 km was about -0.9 µg m −2 s −1 , and at 0.5 km was about -0.5 µg m −2 s −1 ). Synoptic subsidence behind the cold front would suppress the upward transport of PM2.5, increasing the surface particle concentration (Mari, 2004) . Downward motions would bring particles from the free troposphere (1.0-2.0 km) down to the surface and trap pollutants in the boundary layer. Additionally, an extremely strong southward PM2.5 flux (> 1800 µg m −2 s −1 ) can be identified over the YRD, indicating the transport pathway of PM2.5 (Fig. 6c) . Up until the next 5 morning (04:00 LST 22 January), high PM2.5 concentrations were primarily restricted to below 1.0 km over the YRD (Fig. 6d) .
The high concentration of PM2.5 that appeared over both the YRD and its downstream regions was probably due to the mixing of locally emitted particles with those brought by the cold front from the NCP. A process analysis technique was introduced to evaluate the effects of physical and chemical processes on aerosol vertical 15 distributions over the YRD. Figure 7 shows the profiles of the averaged PM2.5 concentrations and the contributions of VDIF, AERO, ZADV, and HADV processes to PM2.5 concentrations over the YRD during the cold frontal passage. At the beginning of the cold front period (12:00 LST to 16:00 LST 21 January), the contributions of vertical advection processes to PM2.5 concentrations were negative (decreased aerosol concentrations) below 1.0 km, but positive (increased aerosol concentrations) between 1.0 km and 2.5 km (Fig. 7a) . This supports the previous conclusion that vertical motions lifted particles from the boundary layer to the free troposphere during the cold frontal passage.
The horizontal advection process increased PM2.5 concentrations below 1.0 km but decreased PM2.5 concentrations above 1.0 km. Through the horizontal advection process, the cold airmass brought aerosols from the NCP to the YRD, increasing the 5 surface aerosol concentration over the YRD. The negative contribution of horizontal advection above 1.0 km was probably due to aerosol concentrations being increased by strong prefrontal lifting that transported aerosols from the surface to the free troposphere, thus strengthening the outflow of free-tropospheric aerosols from the YRD. The vertical diffusion process has a relatively small effect on aerosol vertical distributions except for in the first layer, where most of the emissions exist. Vertical aerosol concentrations were slightly increased through secondary aerosol formation. The profiles of averaged PM2.5 concentrations and the contributions of physical and chemical processes to PM2.5 concentrations over the YRD at the end of the cold frontal period (22:00 LST 21 to 04:00 LST 22 January) are shown in Fig. 7b . The vertical 15 advection process made positive contributions to PM2.5 concentrations in the lower atmosphere but negative contributions in the upper atmosphere-the opposite of the result obtained at the beginning of cold frontal passage. This result supports our previous conclusion that divergence after the cold front ( Fig. 6c; Fig. 6d ) transports particles from the free troposphere to the boundary layer. The contributions of the horizontal advection process were negative between the surface and the free troposphere, implying a net horizontal outflow of aerosols from the YRD. At this time, the upstream of the YRD was cleaner 20 than the YRD itself.
Formation processes of high PM2.5 concentrations under stable weather
After the cold frontal passage, aerosol particles started to accumulate under stable atmosphere that resulted in high PM2.5
Atmos. Chem. Phys. Discuss. concentrations in the near-surface layer over east China (Fig. 8a) . In the centre of the YRD (including south of Jiangsu and north of Zhejiang), the mean PM2.5 concentration was more than 200 µg m −3 higher than that of cold front period, but the PM2.5
concentrations at 1.0 km (Fig. 8b) were significantly lower. The PM2.5 fluxes in the stable atmosphere were lower than those in cold frontal passage at both the surface and 1.0 km, reflecting the lower mean wind velocity under stable weather. This indicates that atmospheric conditions were not favourable for the horizontal transport of PM2.5.
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The averaged PM2.5 profile over the YRD shows significant vertical gradients under the stable weather (Fig. 9) . The process analysis showed that the vertical advection process transported PM2.5 from the surface to the upper air. However, this vertical transport only reached 1.0 km altitude-much lower than it did during the cold frontal passage (~ 2.0 km). Horizontal advection shows a small negative contribution to PM2.5 concentrations over the YRD from the surface to 1.0 km. This indicates that there was a weak outflow of PM2.5 from the YRD to its surroundings, because the YRD is an important aerosol source region.
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Vertical diffusion mixing PM2.5 between the surface and the upper air, but its contribution to PM2.5 was relatively small.
Secondary aerosol formation slightly increased the aerosol concentration from the surface to 1.0 km. a. R = correlation coefficient, NMB = normalized mean bias, NME = normalized mean error, T = air temperature, RH = relative humidity, Wdir = wind direction, Wspd = wind speed, PM2.5 = PM2.5 concentration. 
